An enhanced crystal-plasticity finite-element model is developed to model the effects of texture, grain size and loading direction on asymmetrical tension-compression behaviour of AM30 magnesium alloy. A constitutive description of plastic deformation in the suggested scheme accounts for contributions from deformation slip and twinning. The calibrated model was employed to investigate the effects of texture and grain size on the yield stress and strain-hardening behaviour of AM30 magnesium alloy at room temperatures under various loading conditions. The study reveals that grain refinement and initial texture significantly influence the mechanical behaviour of AM30. Results show that the key factor controlling the tension-compression asymmetry is deformation twinning. Two techniques, which could be used to reduce this asymmetry, are grain refinement and weakening of the initial texture in extruded AM30.
Introduction
Magnesium and its alloys have attracted significant attention in recent years as materials suitable for components in the automotive and biomedical sectors. This thanks to their attractive properties such as low density, high specific strength and excellent biocompatibility. However, magnesium and its alloys show a strong mechanical anisotropy, significant yield asymmetry in tension and compression [1, 2] as well as poor ductility and formability at room temperature, which substantially restricts their widespread structural applications.
The observed mechanical characteristics are due to its hexagonal closed packed (HCP) crystallographic structure with a limited number of available slip systems. The possible slip systems in the HCP crystal structure include the basal 〈 〉 a , prismatic 〈 〉 a , pyramidal 〈 〉 a , first-order and second-order pyramidal 〈 + 〉 c a slip modes. Besides, three main twinning deformation systems can be identified in magnesium and its alloys, namely, extension twins {1012} 〈 〉 1011 , construction twins {1011} 〈 〉 1012 and {1011}-{1012} double twins [3, 4] . Minimizing the asymmetry in mechanical properties may aid widespread commercial application of magnesium alloys. Previous studies demonstrated that several methods such as grain refinement [5] [6] [7] , texture weakening [8] [9] [10] , addition of rare-earth elements [1, 11] and heat treatment [12] can be adopted to reduce this mechanical anisotropy. Among the above-mentioned methods, grain refinement and texture modification are considered the most efficient approaches as per experimental investigations. However, there are no studies which characterise the independent influence of grain size and texture on yield asymmetry and which of the two factors being the dominant one. Numerical modelling techniques have the capability to elucidate the influence of individual parameters such as grain size and texture accurately. Such an approach can lead to a better understanding of the physics of deformation in Mg and its alloys, which, in turn, can contribute to improving the design of components made from those materials.
Crystal-plasticity-based numerical models, accounting for different deformation modes, were used extensively to study deformation in crystalline materials including magnesium alloys [13] [14] [15] [16] [17] [18] [19] [20] . Here, the visco-plastic self-consistent (VPSC) approach and the crystal-plasticity finite-element models (CPFEMs) were commonly used and implemented for a wide range of applications [14, 21] . The VPSC scheme is a top-down modelling approach [19, 20] , with each grain treated as an ellipsoidal inclusion embedded in a homogeneous effective medium, representing the averaged behaviour of all other grains. It has some advantages in modelling the behaviour and texture evolution of large grain aggregates thanks to its relatively easy implementation in numerical simulations. However, grain interaction cannot be directly captured. Furthermore, the effect of a material's microstructure such as the grain boundary, grain shape and stress heterogeneity in each grain cannot be well represented either [22] . As a result, phenomena such as twin transmission [14] cannot be modelled. In contrast, the CPFEM is a bottom-up modelling approach, in which model parameters are determined using experimental studies in single-crystals. Based on this, a polycrystalline ensemble can be modelled at the mesoscale. Several CPFEM models were developed recently to study the deformation mechanisms of magnesium and its alloys [19, 20, 23] .
The current study aims to investigate the effects of grain size and texture intensity on the tension and compression deformation mechanisms as well as the observed tension-compression asymmetry in extruded AM30 at room temperature (T = 293 K). By studying the yielding stress and the strain-hardening behaviours of the magnesium alloy we try to understand the effects of texture and grain size on the mechanical behaviour of the extruded AM30.
The paper is organised as follows: A constitutive description of the crystal-plasticity model, accounting for the grain size effect in slip and twinning deformation modes, is introduced in Section 2. Section 3 presents the details of the computational framework including the finite-element model and calibration of the model parameters. Numerical simulations of the studied alloy are conducted in Section 4 for various grain sizes and texture intensities in uniaxial compression/tension along the extruded direction with the focus on discussing the deformation mechanisms accounting for the grain-size and texture effects. We conclude our study in Section 5.
Constitutive description

Kinematic slip and twinning
In CPFEM, the total deformation gradient F can be decomposed into elastic F e and plastic F p parts as
The velocity gradient can be also identified as the elastic part and plastic part as 
Since Mg and its alloys possess an HCP crystallographic structure with a large aspect ratio, the plastic deformation can be derived from both crystalline slip and twinning. Therefore, in this study, the plastic part of the velocity gradient L p includes the contributions from slip and twin deformations as
where
and p sl p tw p sl tw respectively represent the plastic velocity gradient induced by the slip in the parent phase (untwined region), deformation twinning in the parent phase and secondary slip in the child phase (twined region). For clarity, the superscript α is used to represent the slip system in the parent phase, while β denotes for the twin system in the parent phase and ∼ α for the secondary slip system in the child phase. The three terms in Eq. (3) can be further expressed as
where γ̇α ( ) is the shear slip rate on the slip system α, f β is the volume fraction of the child phase β and γ̇β ( ) is the shear strain rate arising from deformation twinning. N s and N tw are the total number of slip and twin systems, respectively. The unit vectors s and m represent the direction in the slip/twin plane and the normal to it, respectively. Furthermore, the velocity gradient can be expressed in terms of a symmetric rate of stretching D and an antisymmetric rate of spin W, i.e.
Using Eq. (2) and Eq. (5), it can be deduced
. 
Constitutive law
To account for the contributions from both parent and child twin phases, the Cauchy stress is averaged by the stress in these phases at each material point as
where σ m and σ tw β ( ) are the Cauchy stresses in the parent and child phases, respectively. In each phase, the constitutive law is expressed as the relationship between the elastic part of the stretching rate, D e , and the Jaumann rate of Cauchy stress, 
where I is the second-order unit tensor, C is the fourth-order, possibly anisotropic, elastic stiffness tensor. The Jaumann stress rate is expressed as
On each slip system, the resolved shear stress, τ α , is expressed by the Schmid law
The relationship between the shear rate γ̇α ( ) and the resolved shear stress τ α ( ) on the slip system α is expressed by the power law proposed by Hutchinson [24] 
where γ̇0 is the reference shear rate, g α ( ) is the slip resistance and n is the rate-sensitivity parameter.
Twinning is assumed to be essentially pseudo slip in the present study, thus the Schmid law is also adopted for twin systems. The shear strain rate of the twin deformation mode is assumed to be related with the evolution rate of the twinning volume fraction according to the equation
where γ tw is a constant, related with the aspect ratio of the crystal lattice. Therefore, the evolution rate of twinning volume fraction plays a crucial role in accounting for the twinning-induced deformation response. Experimental characterization of the rates of twin evolution in HCP materials is rare. A power-law relation was employed to describe the evolution of the twin volume fraction in previous studies [19, 20] . However, this evolution seems to be exaggerated once twin deformation was activated. Experimental evidence [25] [26] [27] and numerical simulations [23] both demonstrated that twinning evolution generally stayed constant and might depend on the imposed strain rate. In this study, a combination of a power law and a constant rate was assumed to describe the evolution of the twinning volume fraction, as 
where ḟ0 is the reference rate of the twin volume fraction, which is dependent on the imposed strain rate in the sample, k is an empirical value, which only dependent on the imposed strain rate, τ β is the corresponding resolved shear stress, τ c β is the resistance to deformation twinning, m is the rate-sensitivity parameter and f cr is the critical twin volume fraction, which represents the saturation value of the twin in a material point. Once the critical volume fraction is reached, the lattice in the corresponding material point invokes reorientation [19, 20] .
Hardening law accounting for the grain-size effect
The hardening law, which captures the evolution of slip resistance, is defined as
Similarly, the resistance to deformation twinning may be expressed as and g HP are the initial lattice resistance, forest-dislocation interaction and resistance of the barrier imposed by grain/twin boundaries, respectively.
Forest-dislocation interaction
Due to twinning modes, forest-dislocation interaction in a slip system, g f a , should account for both slip-slip and twinning-slip interactions. Thus, this is expressed as are the slip resistance due to slip-slip and twinslip interactions, respectively. For the slip-slip interaction,
, both the self-slip-slip interaction (i.e. when = α α ' ) and latent slip-slip interaction (i.e. when ≠ α α ' ) are incorporated into the system. And the relation between these two interactions are obtained as
where ′ q αα is the latent interaction coefficient that typically ranges between 1 and 2. In this study, it is assumed that = ′ q 1 αα . Here,
, is the self-resistance in each slip system, which can be further identified as the self-resistance of basal slip, due to different interaction mechanisms. The hardening rate of self-resistance then can be expressed according to [28] , as: should account for the effects of extension twins (TT) and construction twins (CT) on the slip systems separately as:
, TT CT (19) where N TT and N CT are the number of twin deformation systems in TT and CT respectively. Similar to the latent interaction between different slip systems, the TT-slip resistance is formulated as
is the self-resistance to TT of the system β, and → q TT α is the interaction factor between TT and slip systems. Similar to the slipbased interactions defined in Eq. (17), the hardening rate of self-resistance in TT can be expressed as
where h β 0 and g s β are the initial hardening modulus and the saturation stress in TT deformation mode, respectively. The CT-induced resistance on the slip systems is considered to depend on the total volume fraction accumulated over all the activated construction twining systems, following the work in [19] as
CT CT (22) where → H CT sl denotes the initial hardening parameter of the CT-slip interaction.
For the twinning-based deformation, the contribution from twintwin ( 
However, experimental evidence [29, 30] demonstrated that the effect of slip on both TT and CT are insignificant. Hence this resistance is neglected in our study.
The TT-TT and CT-CT interactions may be crucial due to different mechanisms underlying the evolution of TT and CT [19] . Thus,
can be expressed as
The resistance due to TT-TT interaction is expressed as
where q TT is the interaction coefficient between the TT systems and assumed to be 1 in our study. Following the work in [19, 20] , the evolution law for the CT-CT interaction may be expressed as
CT CT (26) where ↔ H CT CT and η are empirical parameters controlling the hardening rate of CT-CT interaction.
Resistance of grain and twin boundaries
To account for the effect of grain size on the mechanical behaviour of AM30, an expression similar to the classical Hall-Petch effect was incorporated into the hardening law by defining a third term as:
Here, μ α and b α are the shear modulus and Burgers vector of slip system α, respectively. H I α is the material parameter depending on the slip mode, with the subscript I indicating three possible conditions: = I 0 indicates no child phase in the grain; = I 1 implies a predominant child phase resulting from TT and = I 2 -a predominant child phase resulting from CT. Depending on the choice of I, the parameter d represents the grain size d g when = I 0 or the mean free path between the adjacent child phases, d mfp α , when = I 1 or = I 2 as shown in Fig. 1 . The presence of a child phase in a crystal (twin boundaries) introduces an additional barrier for dislocation motion, which manifests in the classical Hall-Petch effect. The mean free path, d mfp α , depends on the orientation between the predominant child phase and the slip plane, which is expressed as
where f PTS is the volume fraction of the predominant twin system (PTS) in the crystal, λis the ratio of the twin spacing and grain size, and θ is the angle between the plane of PTS and the slip plane. For twinning deformation mode, the resistance of the barrier of grain or twin boundaries may be defined as: 
where H β is the Hall-Petch coefficient.
It should be noted here that the CPFEM developed can account for the temperature and strain-rate effects on the mechanical behaviour of the magnesium alloy. To accomplish this, the initial CRSS, the resistance from grain or twin boundaries and the resistance from the deformation interaction, in the hardening law should be defined as a function of temperature and strain rate. In this study, the focus is on the effects of texture intensity and the grain size on the mechanical behaviour of the extruded AM30 and, thus, the development of temperatureand strain-rate-dependent functions in the hardening law is left for the future studies. Some details are available in [20] .
Strain-gradient based approaches may be incorporated to capture the grain-size dependence in crystal plasticity instead of the Hall-Petch effect inspired relation in equation (27) , however, these approaches have drawbacks including assigning physically relevant boundary conditions. A possible approach which may reduce some of the phenomenology is to implement field dislocation mechanics [31] which account for dislocation evolution and generation while accounting for grain-boundary effects in a physically reasonable way [32] .
Computational framework
Finite element model
In this study, the CPFEM was implemented in Abaqus/Explicit by employing the user subroutine (VUMAT). The scheme of this subroutine was developed from a user subroutine (UMAT) introduced in the work of Huang [33] . The stress update algorithm used in ABAQUS/Explit environment is different from the one used in ABAQUS/Standard. The former employed the Green-Naghdi stress rate while the later was based on the Jaumann stress rate. Therefore, stress update algorithm incorporated was
where R Δ is the relative spin increment tensor, σ Δ is the stress increment obtained with the Jaumann stress rate and R is the rotation tensors decomposed from the total deformation gradient F. Since the stress and strain tensors in ABAQUS/Explicit are defined based on the spatial coordinate system (i.e. with respect to the local coordinate system rotating with the volume) instead of the fixed global coordinate system, the finite strain theory is incorporated in the current study.
A modelling approach based on 3D representative-volume-element (RVE) was used to investigate the deformation mechanisms of the extruded AM30 alloy under various loading conditions. The RVE model has a side length of 200 μm, with 5 grains in each direction, as shown in Fig. 2 . We carried out a mesh sensitivity analysis in tension and compression for a fully random texture (Fig. 3(a2) ) as well as a strong initial basal texture with an intensity of 0.8 ( Fig. 3(a1) ). The results indicate that a mesh of 2 × 2 × 2 elements for each grain was sufficient when compared to results obtained from a mesh of 4 × 4 × 4 elements for each grain. Therefore, each grain was meshed with 2 × 2 × 2 firstorder hexahedral reduced-integration elements (C3D8R elements in ABAQUS) for the study. To validate the sufficiency of the number of grains in the chosen RVE (5 × 5 × 5 = 125 grains), a grain convergence study was performed. Two additional virtual microstructures containing 2 × 2 × 2 = 8 grains and 8 × 8 × 8 = 512 grains were employed as potential RVEs. Simulations with fully random texture and strong basal texture for both uniaxial compression and tension along the ED were conducted. A convergence plot with different grain numbers in compression is shown in Fig. 3(b1) , (b2) for a strong basal texture and a random texture, respectively. The random orientations of the grains are generated by using random generation functions for Euler angles, which are incorporated into the python codes for pre-processing of the finite element model. The results suggest that 5 × 5 × 5 grains are representative of the microstructure and used for all modelling work in this study. Uniaxial compression/tension was imposed by deforming the +X face along the X axis with the −X face constrained in displacing in the x-direction. Periodic boundary condition imposed on the Y and Z faces.
For simplification and without loss of generality, four slip planes -basal, prismatic, pyramidal 〈 〉 a and pyramidal 〈 + 〉 c a -and two twinning deformations -extension twin (TT) and contraction twin (CT)-are considered (Table 1) with the corresponding slip and twin planes shown in Fig. 4. 
Model verification and parameters calibration
Mg and its alloys are characterised by a wide variety of possible deformation systems. Hence, a thorough understanding of the deformation mechanisms including characterisation of the critical resolved shear stress as well as the hardening rate during the deformation for each slip/twin system is essential. Here, experimental data obtained from uniaxial compression tests at various temperatures and strain rates Fig. 1 . Schematic of grain/twin boundaries.
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were used to calibrate the model. An initial texture was introduced based on microstructured observations. The extruded AM30 exhibits a strong basal texture in the TD-RD plane, with the basal intensity in the TD-RD being higher than 80% [34] . So, in the model,~80% of grains were assigned a basal texture in the TD-RD plane, and remaining grains were randomly oriented. A reasonable correlation between the experimental stress-strain curves and the CPFEM predictions for all the loading cases was achieved after calibration (Fig. 5) .
Key constitutive equations and model parameters related to the slip and twin deformation modes at the reference temperature T = 293 K and strain rate of 10 −1 s −1 in the CPFEM model are summarised in Table 2 . The anisotropic elasticity of the alloy is characterized by 5 independent elastic constants C C C C , , , .
The corresponding values for these elastic constants are listed in Table 3 .
Relative activity of deformation modes
To assess the contributions of slip and deformation twinning to macroscopic plastic deformation, the relative activity of each slip and twin system was calculated in the simulation during the entire loading history. 
Table 2
Key slip and twin constitutive equations and related parameters (length in μm, stress in MPa) ('-' denotes unavailable parameters) at reference conditions: T = 293 K and strain rate 10
Shear-strain evolution law Following the work in [20] , the relative activity in an activated phase is defined as (32) for the slip r α and twin r β modes, respectively. To obtain the relative activity of a slip or twin mode in the studied sample of extruded AM30, the volume fraction averages of r α and r β were calculated for all the grains in the RVE.
Results and discussion
In this section, the grain size and texture intensity of the extruded AM30 are studied with emphasis on critical assessment of the underlying deformation mechanisms.
Tension-compression asymmetry in extruded AM30
Loading HCP crystalline materials along its c-axis, typically favour two mechanisms which accommodate plastic strain. These are the extension twins and the second pyramidal < c + a > slip, with the crystal structure elongating along the c-axis. Therefore, on applying a compressive load along the extruded direction, which tends to extend the crystal lattice along the c-axis, plastic strain usually begins with extension twinning. The basal slip was not activated initially since its Schmid factor was negligibly small. An example of the loading condition elongating the HCP crystal along its c-axis is uniaxial compression along the extruded direction (CED). On the other hand, a stress state leading to a contraction of the HCP crystal lattice along the c-axis is accompanied by dislocation slip as extension twins cannot be activated in this loading case. Limited contraction twinning can be identified under this loading condition, as contraction twins are largely inactive when compared to extension twins due to the former's high CRSS [19] . An example of a stress state resulting in contraction along the c-axis is uniaxial tension along the extruded direction (TED).
Mechanical responses of the extruded AM30 under TED and CED for the same conditions, i.e. temperature T = 293 K and strain rate 0.1 s −1 , is shown in Fig. 6 . As expected, the extruded AM30 demonstrated a remarkable tension-compression deformation asymmetry, with the true stress-strain curve in compression (CED) showing a dominant extension twinning activity, which yielded a double-hardening response. Also, the yield stress in the compression sample (CED) was less than that in the tension sample (TED) for the same imposed strain, this is attributed to an ease activation of extension twin in this sample. The tension-compression deformation asymmetry along ED for magnesium alloy was experimentally observed in [25] . The numerical results reproduce the experimental observations reasonably well.
Analysis of the relative activity of deformation modes shown in Fig. 6(b) further elucidates the tension-compression asymmetry observed. In the CED test, twinning initiated plasticity while all other mechanisms had a significantly lower contribution. In contrast, the TED test showed that non-basal slips, such as prismatic and pyramidal slips, dominated, and contributed substantially to, plastic deformation. High CRSSs in these non-basal slips contributes to the rise of the yield stress in TED. This confirms that the underlying activation of different deformation modes in TED and CED resulted in the asymmetrical Fig . 6 . Tension-compression asymmetry of extruded AM30: (a1) numerical true stress-strain curves; (a2) experimental true stress-strain curves [25] ; (b1) relative activity in tension; (b2) relative activity in compression.
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macroscopic behaviour of the extruded AM30.
Texture-intensity effects
An extrusion process induces a strong texture in the material with the basal plane parallel to the extruding direction. Thus, it is reasonable to expect that the basal texture intensity would play an important role in the tension-compression asymmetry in the extruded AM30. Here, various initial basal texture intensities attributed to the RVE model are studied. This texture intensity was defined as the ratio of the number of grains with a basal orientation to the total number of the grains in the RVE. Thus, in this study, a zero value of basal texture intensity refers to a totally random texture while a value of 1 implies a single crystal with basal texture in the RVE model. Studies of both uniaxial tension and compression were conducted at the same loading conditions of T = 293 K and an imposed strain-rate of 0.1 s . For the loading in tension and compression with the same initial texture intensity, the same initial microstructures were used in the models. The pole figure of the initial microstructure is shown in Fig. 7 .
The effect of texture intensity in the TED orientation is presented in terms of true stress-strain curves as shown in Fig. 8 . The yield stress and the hardening behaviour were strongly influenced by the chosen initial texture intensity. In general, with an increase in basal texture intensity, the yield stress was observed to increase. To further illustrate the nuances of the deformation modes, an RVE model with a fully random texture, a single crystal and a basal texture intensity of 0.5 were studied (Fig. 8(b) ). Apparently, for the single-crystal sample (i.e. basal texture intensity = 1) (Fig. 8(b3) ), the non-basal prismatic slip dominated the plastic deformation followed by the pyramidal slip during all the deformation stage, with the basal slip contributing nearly nothing to plasticity. With a reduction in the basal texture intensity, viz. the case with random orientation (basal texture intensity = 0) (Fig. 8(b1) ), the relative contribution of basal induced slip increased as there were grains with favourable orientations that sustained this deformation mode, resulting in a reduction of the yield stress.
Twinning activity was also observed in deformation in the TED tests, although its impact was much lower compared with other deformation modes. In relative terms, such activity reduced with an increase in the basal texture intensity (Figs. 6(b) and 8(b) ). The effect of texture intensity on the twinning activity for TED in numerical experiments is shown in Fig. 9 . The colours indicate different twinning phases that have been activated (e.g. blue colour indicates the number of phases equal to 1, which implies that only the parent phase was active; consequently, a red colour indicate the number of phases equal to 7, which implies six activated child phases). Clearly, the number of activated twins decreased with an increase in basal intensity. When it increased to 1 (i.e. a case of the single-crystal sample), no twinning was observed in the model under this loading condition, indicating that the Schmid factor for extension twinning was zero.
This effect of texture in CED was drastically different. There was no obvious trend in the yield stress (around 0.2% proof stress) with a change in the basal texture intensity. A sample with a random texture showed a lower yield stress (Fig. 10) , whereas the sample with a basal texture intensity of 0.5 demonstrated the highest yield stress. Relative activity of the deformation modes in the sample with a totally random texture, a single crystal and the sample with a basal texture intensity of 0.5, is shown in Fig. 10(b) . It is apparent that the activities of the deformation modes were significantly affected by the texture intensity of the sample. In the sample with a random texture, the basal slip system dominated the plastic deformation due to its relatively lower CRSS, which leads to a lower yield stress in this sample. With an increase in the basal texture intensity up to 0.5, the non-basal slip, such as prismatic and pyramidal slips, was activated, effectively increasing the overall yield stress. With a further increase in basal texture intensity (> 0.5), extension twins increasingly dominated the deformation process, leading to a double-hardening response and a decrease in the yield stress. As expected, the texture intensity strongly affected the deformation twinning activity (Fig. 11) , with more twin phases activated with an increase in the basal texture intensity. For the sample with a strong basal texture intensity (≥0.8), deformation twins were found in almost all the grains of the RVE.
The tension-compression asymmetry reduced as the basal texture intensity weakened. It vanishes in a sample with a fully random texture (Figs. 8(a) and 10(a) ). It is interesting to note that the deformation modes in TED and CED for a fully random texture were similar ( Fig. 8(b) and 10(b)), with basal slip dominating the overall deformations with a low activity from deformation twinning. It can be concluded that magnesium alloys with a random texture will exhibit the yield symmetry while a strong basal texture results in a significant asymmetry in TED and CED deformation modes.
The pole figures indicating the texture after deformation at a strain of~10% for different initial texture intensities are shown in Fig. 12 . By comparing the initial texture ( Fig. 7) with a high intensity (e.g. texture intensity = 0.8 or the single crystal), basal planes tend to reorient perpendicularly to the compression direction, thus, aligning the c-axis parallel to the loading direction. Consequently, subsequent plastic deformation was primarily governed by pyramidal < c + a > slip and partially by CT, which result in the double hardening stress strain curve in Fig. 10(a) . However, texture evolution was also influenced by slip as the slip planes tend to reorient parallel to the major deformation axis. This explains as to why the texture after deformation for low initial texture intensities (e.g. texture intensity = 0.5 or fully random texture) were changed marginally when compared with the initial textures in Fig. 7 .
Grain-size effect
The well-known Hall-Petch relationship implies that grain refinement leads to a strengthening of materials [35, 36] . The grain-size effect on the mechanical behaviour of AM30 was studied both in TED and CED modes. Five different (average) grain sizes ranging from 10 μm to 200 μm were adopted in the RVE based simulations. For all the grain size based simulations, the microstructures in the RVE model were the same. A representative basal texture intensity of 0.8 was used, with the remaining grains in the RVE assigned a random texture. The dimension of RVE changed with a variation of the grain size (as an example, for grain size d = 10 μm, the dimension of RVE was 50 μm, while for grain size d = 50 μm, the dimension of RVE was 250 μm). The experimental conditions for tension and compression studies were the same, i.e. T = 293 K and a strain-rate 10 −1 s −1 . This allowed an investigation of the Hall-Petch relationship in both tension and compression deformation modes.
The effect of grain size on the yield stress for these modes are shown in Fig. 13 . It is apparent that the yield strength increased with a decrease in the grain size for both tension and compression modes; however, this effect was more evident in the latter case. Dislocation slip dominated the tension deformation along ED. Due to the grain refinement, this dislocation slip was hindered as it encountered an increased number of grain boundaries. In contrast, twinning dominates compression deformation along ED and occurred in the samples with large grains. With an increase in the grain size, more child phases were activated in the material (Fig. 14(b) ). Comparing the deformation twins in TED and CED deformation for the samples with the same grain size, fewer twin phases were observed in the tensile deformation ( Fig. 14(a) ), when compared to the compression deformation model (Fig. 14(b) ). The twin volume fractions in TED and CED at~2% strain of various grain sizes are shown in Fig. 15 . The twin volume fraction increases with increasing grain size for both TED and CED, however, the twin volume fraction in CED was much higher than the one in TED for the same grain size. This predicted phenomenon is in good agreement with the experimental result in [37] . However, it should be noted here that it is nearly impossible to make a quantitative comparison of the twinning volume fraction with the data in [37] , since fundamentally different materials were studied. Fig. 8 . Effect of texture intensity in TED: (a) true stress-strain curves; (b1) relative activity for random texture; (b2) relative activity for basal texture intensity 0.5; (b3) relative activity for single crystal. Fig. 9 . Effect of texture intensity on the twinning phases in TED. The presence of twinned phases in a crystal introduced additional boundaries for dislocation motion, resulting in an increase in its resistance to further deformation. This is the reason for the enhanced grain-size effect in compression mode. This also indicates the importance of deformation twinning in the observed yield asymmetry of the studied alloy.
The variations of yield stress with the average grain size for tension and compression tests are shown in Fig. 16 . Best-fit curves demonstrated a linear relationship between the yield stress and the inverse square-root of the grain size for both tension and compression. The observed trend of yield stress for both tension and compression increasing with a decrease in grain size was reported in many experimental studies for magnesium alloys (e.g. [8, 35, 38, 39] ). The Hall-Petch effect in compression was more pronounced than in tension, which implies that the influence of the grain size on twinning was more than that in dislocation-based slip. Interestingly, an experimentally observed fact of yield asymmetry between compression and tension may be curtailed with grain refinement [5, 8, 40] , was successfully captured by the presented numerical simulations. As shown in Fig. 16 , the difference of yield stress between CED and TED was observed to reduce from 40 MPa at a grain size of 200 μm to~15 MPa at a grain size of 10 μm.
Dependence on loading direction
To investigate the effect of loading direction on the tension-compression asymmetry, uniaxial tension and compression at 45°to the extrusion direction (45ED) was studied. Other loading conditions were identical to the samples studied prior (Section 4.1)
A comparison of the true stress-strain responses in uniaxial tension and compression for ED (TED and CED, respectively) and 45ED is shown in Fig. 17 . Interestingly, there was an almost negligible tensioncompression asymmetry in the 45ED case, although a strong basal texture was present in the material. The relative activity of various deformation modes in tension and compression is shown in Fig. 18 . The basal slip dominated the overall deformation, with twinning having a negligible impact. This implies that the twinning-induced deformation was the key factor controlling the tension-compression asymmetry for the magnesium alloy. The texture intensity and grain size indirectly affect this as it was shown to influence twining activity.
Concluding remarks
Here, we propose an improved and enhanced crystal-plasticity modelling framework for AM30 especially in context with our prior studies in [20] . This includes:
• improved description for the twin evolution, • strain-rate and temperature dependent slip and twinning deformation,
• accounting for the effect of grain size and the texture on the mechanical behaviour of the material.
Based on the studies carried out, the following conclusions may be drawn:
1. In the extruded magnesium alloy, there is a strong tension-compression asymmetry, which depends on its initial strong basal texture intensity. A weakening of the basal texture intensity reduces and practically eliminates this asymmetry. 2. The grain size influences the strengthening in this alloy. The HallPetch effect was much stronger in compression than in tension. The tension-compression asymmetry was observed to reduce with a decrease in the nominal grain size. 3. The tension-compression asymmetry depended strongly on the loading direction. For loading at 45°to the extrusion direction, this asymmetry vanishes. It is realised that the key factor affecting the observed asymmetry in a certain direction and deformation modes is the deformation twinning. 4. The proposed bottom-up CPFEM model developed in this paper is capable of accounting for the specific features of deformation in magnesium alloys, with no restriction on the grain size, temperature and imposed strain rates. 
